Olive oil, and especially virgin olive oil (VOO) and extra VOO, has great interest worldwide because of its unique fatty acid profile, phenolic compounds with positive health properties for the human health and appreciated aroma profile.
fraction comprises free fatty acids, phenols, tocopherols, sterols, phospholipids, waxes, squalene and other hydrocarbons.
For "olive oil", many commercial categories exist: olive oil itself has been defined as a mixture of oil obtained from olives and that undergo refining process, with virgin olive oil (VOO). This latter is a product that is extracted from olives without any chemical process. Among VOOs, extra virgin olive oil has particularly high standards both in terms of composition, namely acidity, peroxide values and oxidation indices, as well as sensory characteristics assessed by recognised panels [2] .
Several studies have reported on the quality of extra VOOs from the retail market, as this is relevant for the consumers in terms of the oil composition, health benefits and organoleptic properties [3] . However, it is important to understand the compositional changes due to other factors that influence VOO composition, including the agronomical practices and extraction technology. The olive variety, or "cultivar", the climatic conditions and geographical location of the olive orchard, as well as the agronomic practices and olive ripening degrees influence the final composition of the oil and therefore its flavour [4, 5] . All these factors are described in the present review paper.
Virgin olive oil (VOO) contains an unsaponifiable fraction including waxes, phospholipids, phenolics, pigments and carotenoids. The most abundant ones are represented by phenolic compounds (oleuropein aglycone, hydroxytyrosol, lignani, ecc.), tocopherols, squalene and β-sitosterol [6] .
The known antioxidant activity of olive oils is mainly due to the presence of phenolic and ortho-diphenolic compounds, and secondarily to the fatty acid composition [7] . Olive fruitcontrary to other vegetable fats which usually derive from seeds -is properly a fruit. The major olive components are water (40-70%) and fat (6-25%), mainly present in the mesocarp. The fruit also contains simple sugars, organic acids, nitrogen compounds and bio phenols. Particularly important for olive composition is the phenolic fraction, mainly constituted by oleuropein, demethyl oleuropein and verbascoside. These compounds are present in concentration comprised between 0.5 and 2.5% of the fresh weight. The oil fraction is present as oil droplets in the pulp (16.5-23 .5% fresh weight), while little amounts are also found in the seed (1-1.5%).
An eco-physiological role of the phenolic compounds in many fruits and vegetables seems to be related to their protection against insects or other plants "enemies". Indeed, the reaction of polyphenols after their esterification by esterase's during fruit drupe maturation exerts a plant defence mechanism against biotic attacks [8] .
Once oleuropein and ligstroside are accumulated in the fruit, the enzymatic hydrolysis produces hydroxytyrosol, tyrosol, demethyloleuropein and secoiridoide glycoside, arising from the degradation of complex polyphenols.
Olive Oil Aroma Biogenesis
Virgin olive oil has unique characteristics which results from its fatty acid composition and the presence of minor compounds including volatile and phenolic compounds. Some of these are biosynthesized during the olive fruit ripening, especially during the climacteric period. Some volatile compounds are still present in the fruit belonging from the lipids or amino acids metabolism [9, 10] . However, the majority of the olive aroma derives from enzymatic oxidation of the fatty acids, linoleic and linolenic [11] .
Saturated aldehydes having carbon number comprised between 7 and 12 are the major responsible of VOO aroma. This class of volatile compounds is usually present at concentrations of 50 and 75% of the total volatiles in unripe and fully mature olive drupes, respectively [12] [ Table 1 ]. Aliphatic and aromatic hydrocarbons, aliphatic and triterpenic alcohols, aldehydes, ketones, ethers, esters and furan derivatives are present in the VOO aroma. The most abundant individual compounds are hexanal, trans-2-hexenal, hexanol and 3-methylbutanol [11, 12] . Among the volatile compounds, those attributed to the sensory note described as "green" are C6 aliphatic compounds, hexanal, cis-3-hexenal, trans-2-hexenal, hexanol, cis-3-hexenol, trans-2-hexen-1-ol and the corresponding esters [13] .
The following volatile compounds account to circa 80% of the total headspace composition:
• C6 aldehydes (hexanal, cis-3-hexanal, trans-2-hexanal);
• Alcohols (hexanol, cis-3-hexenol, trans-2-hexenol);
• Esters (hexyl acetate, cis-3-hexenyl acetate [9, 11, 14] .
The Lipoxygenase (LOX) pathway is a prominent enzymatic route for olive oil aroma generation, and involves a variety of enzymes acting on unsaturated fatty acids. LOX is activated when the olive drupe is crushed, which is the first step of olive oil extraction process. During olive crushing and the next malaxation phase, the typical olive oil aroma is produced [14] . The LOX pathway involves the activity of four enzymes, namely lipoxygenase, hydroperoxide lyase, alcohol dehydrogenase and alcohol acyltransferase [9, 13, 14] .
When the integrity of olive drupe is compromised, 9-and 13-hydroperoxides of linolenic and linoleic acids are produced [4, 13] .
The hydroperoxide lyase produces aldehydes, subsequently reduced in alcohols by the alcohol dehydrogenase. These compounds are then esterified by the alcohol acetyltransferase to produce esters [9, 14] .
The 13-hydroperoxide undergoes an enzymatic scission by the hydroperoxide lyase, with the subsequent production of hexanal and cis-3-hexenal. The hydroperoxide lyase found in the olive pulp is highly specific for 13-hydroperoxides [9, 15] . The 13-hydroperoxide formed from linolenic acid is rapidly reduced to cis-3-hexenol, from which cis-3-hexenyl acetate is produced. Alternatively, it is isomerised to form trans-2-hexenal, which is then reduced to trans-2-hexenal by following a different biosynthetic route [4] .
Influence of Botanical and Agronomical Factors Variety
Olive cultivar has been reported as one of the most crucial factors responsible for olive oil flavour variability [16] . Virgin olive oil extracted in the same conditions can show dramatic differences in their composition and sensory characteristics because they are extracted from different varieties [17] [ Figure 1 ]. Volatile compounds having six carbon atoms, especially trans-2-hexenal, have been regarded as good indicators for differentiation of single-variety olive oils [18] .
The olive variety also influences the concentration of phenolic compounds, whereas the major influence was attributed to the olive ripening degrees and environmental conditions [19] .
Dhifi et al. [20] reported the concentration of aroma compounds in VOO extracted from four Tunisian olive cultivars, i.e. Chetoui, Chemlali, Chemchali, Oueslati. A wide range was described depending on the variety, with cv. Chemchali showing 59.7 µg/mL, while cv. Oueslati had the lowest concentration, i.e. 15.7 µg/ml.
Other researchers have compared Tunisian cultivars with Italian ones, reporting that cv. Chetoui is characterized by a low content of C6 aldehydes, responsible of the sensory notes "green" and "fruity" [21] . Ranalli et al. [22] reported concentrations of 230.4, 381.1 and 401.7 ppm total volatiles for the Italian cultivars Cipressino, Cassanese e Leccino, respectively.
According to Tura et al. [16] , the major volatile compounds affected by the olive cultivars are the following ones: ethanol, 2-methyl propanol, pentanol, cis-2-penten-1-ol, cis-3-hexenol and octanol. They have been associated to the following sensory notes, respectively: floral, banana, apple, walnut, hay, butter, sweet and fruity [16] .
Ripening degree
The oil accumulation in the olive drupe starts about 5 weeks after anthesis, and its major increase is between 60 and 120 days after flowering [9] . During the olive maturation phase, the fruit undergoes several modifications: exocarp color change from green to violet-black, lower fruit consistency, higher free acidity, lower pigment concentration, phenolic compounds concentration, which concentration is maximum when the darkening phase starts and a continuous decrease follows [23] .
Fatty acid composition is quantitatively affected by two main factors, i.e. the olive variety used and the ripening stage at which the olives were harvested. The differences in the fatty acid profiles in different varieties were partially related to the biosynthesis of fatty acids during ripening. Specifically, stearoyl-acyl carrier protein (Stearoyl-ACP) is obtained from Acetyl-CoA by the action of an enzymatic complex called fatty acid synthase I and III (FAS I/III) followed by FAS II. Stearoyl-ACP is desaturated to oleoyl-ACP (C18:1-ACP) by the stearoyl-ACP 9-desaturase, which is highly active in the plastids. As growth proceeds, desaturase transcripts accumulate at higher levels, and the high transcription rate remains up to 28 weeks after flowering. This transcription pattern is observed during fruit development parallels with the synthesis of oleic acid in olives [24] .
The fatty acid composition of VOOs is known to depend mainly on genetic factors, i.e. olive cultivar, and therefore several investigations have tried to study whether it is possible to discriminate the VOO variety based on the fatty acid profile, e.g. in Spanish cultivars Arbequina, Hojiblanca and Picual, which are among the most important ones worldwide. The authors reported a very good discrimination power by Partial Least Square, whereas they also add the phenolic composition and not just fatty acid profile [25] .
The oil quality is strictly linked to the fruit physiological conditions, as the progress of the ripening phase cause higher production of free acidity, with a contemporary decrease of phenolic compounds responsible for the bitter-pungent notes [26] [ Figure 2 ].
To define the olive drupe maturity degree, the most common method applied rely on the observation of the fruit skin and pulp colors, according to the method reported by Uceda and Frias [27] . It describes seven maturity states of the fruit (0, bright green skin; 1, green-yellowish skin; 2, green skin with reddish spots; 3, reddish-brown skin; 4, black skin with white flesh; 5, black skin with < 50% purple flesh; 6, black skin with ≥ 50 and >100% purple flesh; and 7, black skin and purple flesh), and the agronomist or farmer randomly takes 100 fruits from the field, then segregates them into groups and calculates the number of each fruit per group color, by using a color chart.
Olive maturity degree also influences the generation of aroma compounds, being the maximum concentration observed when the fruit starts the color changing phase, and followed by a continuous decrease [12, 17, 28] .
It is known that at higher ripening stages, the aromatic note describes as "fruity-grassy" is significantly lower than oils obtained from greener olives. The sensory notes of bitterpungent and other positive aromatic notes decrease with increasing ripening degree [23] . The increase in olive maturity leads to the increase in 1-penten-3-ol. The compounds hexanal, trans-3-hexenol, cis-3-hexen-1-ol and cis-2-hexenol were reported to have high selectivity for unripe olives. The intermediate maturation phase was characterised using hexyl acetate, while over-ripe drupes can be discriminated using trans-3-hexenal, cis-2-hexenal, trans-3-hexenol and cis-3-hexenol [28] .
Some triterpenic alcohols were be proposed as markers of fruit maturity. Sakouhi et al. [29] demonstrated that triterpenic alcohols and 4-monomethyl sterols concentrations in the olive fruit increase from 18 to 30% during ripening of the cv. Picholine.
A negative correlation (r 2 =-0.88) between the drupe ripening degree and phenolic content in VOO was also 
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reported by Rotondi et al. [30] . Gomez-Rico et al. [31] studied the combined effect of maturity and irrigation on the phenolic and volatile compounds of VOOs obtained from cv. Cornicabra. They reported that complex phenolics undergo the major changes, with a stronger loss depending on the irrigation. This was linked to the higher activity of L-phenylalanine ammonia-lyase in condition of plant stress.
During drupe maturation, an increase of the triterpenic acid 24-methylene-cycloartenol has been reported, with a contemporary decrease in cycloartenol. Also, sterol compounds undergo significant changes, e.g. increasing the sterol Δ5-avenasterol and decrease of β-sitosterol [32] .
A recent paper reported that trans-2-hexenal concentration decreased as maturity progressed, for some Turkish varieties [33] . The authors also described that the concentration of all aroma compounds, except trans-2-hexenol and hexyl acetate, decreased with the degree of ripeness, and that altitude plays a significant but less intense effect on the volatile composition [33] .
The olive fly (Bactrocera olea) is the most important biotic stress affecting the drupe quality and the resulting olive oil. VOO produced from fruits attacked by the olive fruits has higher free acidity value and peroxide number, different fatty acid composition and concentration of phenolic compounds [34] . Significant differences from the sensory panel scores of these oils were also reported [35] . The sensory profile of such VOOs had lower scores when the olives are harvested at full maturity stage, with the appearance or increase of negative sensory notes such as fusty, mouldy and winey-vinegary. Olive fly attacks cause a significant decrease of the attribute "pungent-bitter", due to the hydrolysis of complex phenolic compounds caused by the insect damages [36] .
Environmental and climatic conditions
Olive is a xerophyte plant, and it needs a mild climate, with no sudden temperature changes below -8 °C, and with its full potential between 22 and 32 °C. At higher latitudes, an increase in oleic acid content and a higher ratio of unsaturated to saturated fatty acids has been reported. The environmental conditions, slowing down the ripening of fruit, can diminish the activity of certain hydrolytic enzymes which act on phenols [37] .
Several studies have been conducted on the effect of soil salinity and irrigation water on the production and VOO fatty acid profile, but still scarce and contradictory results have been published so far in relation to the effects on their organoleptic characteristics. For example, Ahmed et al. [38] reported an increase in the concentration of total phenolic compounds, especially tyrosol, hydroxytyrosol and vanillic acid, and a reduction in the ratio unsaturated to saturated fatty acids, with increasing salinity of the water.
The influence of the organic agronomical practice on the VOO composition and flavour characteristics has been scarcely investigated. In particular, Ninfali et al. [39] reported higher concentrations of phenolic compounds from organic than non-organic VOOs in the first year of the experiment, while this difference was not significant over the second and third year. From the panel test, organic VOOs have shown a stronger note of "hay" and "artichoke". Non-organic oils presented more markedly floral notes of "fresh grass" and "fruity". The results are not consistent, however, in all the years, and it is strongly influenced by climate change over the years [39] .
Water deficit represents one of the main environmental factors limiting its production potential, caused by the decrease of the fruit endogenous esterase's. Rainfall has prominent influence with respect to the environmental temperature, and some volatile compounds such as hexanal and isobutyl acetate were negatively correlated to the rainfall [18] .
The amount of water applied to the orchard can modify the fatty acids ratio, with a higher concentration of monounsaturated and polyunsaturated fatty acids at higher water volumes applied. Salas et al. [40] reported a clear inverse correlation between the amount of irrigation water applied and the intensity of the bitter note in the VOO. Also Gomez-Rico et al. [31] confirmed previous findings piloting three water management systems: no added water, fully water addition, controlled deficit irrigation using by the method proposed by FAO [ Figure 3 ].
Greater water availability seems to also affect VOO volatile compounds concentration, especially trans-2-hexenal, cis-3-hexen-1-ol and hexanol, in the sense of their decrease with increasing irrigation volume. Some other volatile compounds were not reported to be subject to variations, such as 1-penten-3-one and 1-penten-3-ol, as they were linked more to seasonal factors and ripening degree than the irrigation practices [31] . In subsequent studies, the same authors [41] verified that the hexanal also shows an inverse variation of its concentration with increasing water availability [ Figure 4 ].
Opposite conclusions were reported by Stefanoudaki et al. [42] , where lower values of 1-penten-3-ol and 1-penten-3-one found as a result of the irrigation, for cv. Leccino but not for cv. Cornicabra, in which there were no significant modifications. It was reported a decrease in concentration of the total volatile compounds in olive oils irrigated. The C5 compounds undergo a drastic decrease but, in contrast to other authors, no increases were reported for C6 compounds.
Cornicabra variety is of great importance in Spain because comprises about 10-12% of its production, and is one of the 
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most important after the Spanish Picual variety. Cornicabra variety shows late maturation than other olive varieties with the pulp and the skin being greener also at high maturity stage. This suggests that the ripening has a different effect on olive oil composition and quality, compared to other olive oil varieties. This aspect is very interesting and needs further research to evaluate the specific effect of ripening on different varieties.
The irrigation strategy has been reported to be more effective than the total amount of rainfall during the year, as the concentration of phenolic compounds depends on the hydric stress [31, 42] . Also fatty acids undergo modifications, with an increase in the monounsaturated, i.e. oleic acid, to polyunsaturated fatty acids [43] . The sensory evaluation of VOOs from irrigated orchards seem to show lower intensity of the attributes fruity, bitter and pungent [42] .
A recent research paper reported on the influence of climate, soil composition, agricultural practices (fertilization and irrigation) and variety on the compounds responsible for the flavour of extra VOO (volatiles and phenols) and how these compounds can explain the differences in chemical profiles by geographical origin, cultivar and fruit ripeness stage [44] . The authors reported that the soil and the climate of the Chilean regions have much more influence than cultivars on the concentration of sensory quality compounds. The difference in latitude between the orchards increases the importance of the geographical origin on the virgin olive oil chemical composition, while at the same time, full irrigation decreases the influence of the olive variety, which seems to be an opposite trend with respect to the Mediterranean cultivation area [44] .
Geographic location
Studies by Montedoro et al. [45] reported the possibility to discriminate VOOs from different Italian regions through the analysis of volatile compounds. VOO from Italy were reported as richer in C6 aldehydes and lower in fruity esters then Moroccan oils [46] . Vichi et al. [47] did not observe any difference in the concentration of C5 compounds in different varieties, thus suggested that these volatiles might be influenced mainly by the geographical location. VOO from Chetoui varieties from Tunisia had different profiles according to different cultivation sites, particularly for the fatty acid profile and phenolic compounds concentration [48] .
Many authors have tried to discriminate VOO according to their geographical origin. Issaoui et al. [49] studied the effect of the difference in altitude, latitude and climatic conditions (north and south of Tunisia) in the cv. Chemlali and Chetoui.,VOOs from the northern regions of Tunisia contain mainly the following volatile compounds: cis-3-hexenyl acetate, cis-β-ocimene, hexyl acetate and cis-cis-α-farnesene.
There seems to be a general agreement about some volatile compounds which are dependent on the geographical area of origin, i.e. hexanal, hexanol, trans-2-hexenal, cis-3-hexenal, trans-3-hexenol, cis-3-hexenol and trans-2-hexenol [47] .
The application of cluster analysis based on "green" volatile compounds allowed to group 39 varieties with the aim to find markers for volatile compounds that could discriminate oils coming from different areas [50] . The following compounds were described as the most important ones for Italian and Spanish VOOs: 2-methylbutyl acetate, 2-methyl-4-pentenal and hexanol. For the distinction of Italian oils by the Greek ones, pentane-3-one, cis-3-hexenal and a hydrocarbon were identified. Regression analysis allowed to classify oils derived from macro-areas of origin (Spain, Italy and Greece) by the following volatile compounds: hexyl acetate, ethyl benzene, 2-methyl-4-pentenal, ethyl furan, trans-2-pentenal, 1,2,3-trimethylbenzene, 3-methyl butanol and a hydrocarbon [50] .
Harvesting systems
The olive harvesting system exerts a dramatic influence on the final VOO flavour. Oils derived from olives picked up from the soil are qualitatively poorer, and both the chemical parameters (acidity, peroxides, UV) and the organoleptic characteristics might be affected. With the protracted contact times of the olives with the ground, trans-2-hexenal and cis-3-hexenyl acetate ("green notes") concentration decrease, and the concentration of hydrocarbons, acetic acid and other carbonyl compounds increase, with consequent negative organoleptic notes [18] .
The mechanical harvesting of the olives seems not to be of significant influence on the chemical composition of VOOs. The olive harvesting needs to be performed trying not to damage the drupe exocarp and mesocarp, to prevent spontaneous fermentation and mold growth that would result in quality deterioration and occurrence of defects oil.
Tura et al. [16] reported the importance of the degree of maturity on the content in phenolic compounds and volatile, but also fruit storage can result in a change of the flavour profile, due to the reduction of esters and aldehydes responsible for the positive notes [46] .
In single-variety oils, cv. Correggiolo obtained from olives with maturation index (expressed as an index of Jaén) of less than 2.5, with the increase of time of storage of olives there is a general decrease of the content of volatile substances, Figure 4 : Concentration of volatile compounds C5 and C6 derived from the lipoxygenase pathway in VOOs from cv. Cornicabra and Morisca, depending on the water strategy applied on the orchard (ripening degree: 3-3.5) (adapted from Gomez-Rico et al. [41] ).
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in particular of those responsible for the sensations of fruity, almond, green notes (trans-2-hexenal, hexanal, cis-3-hexenol) and sweet notes (1-penten-3-one, 3-pentanone), simultaneously with an increase of compounds which are associated notes odorous (3-methyl-1-butanol, 2-methyl-1-propanol).
Influence of the Olive Oil Extraction System
Olive crushing The majority of VOO aroma compounds are produced during the crushing phase, when the enzymatic oxidation of linoleic and linolenic acid takes place [21] . The type of milling system thus influences the final oil quality, by changing the quali-quantitative composition of some minor constituents, with consequent influence on the organoleptic properties and product stability.
There are two major types or olive crushers: granite stone mill and metallic crusher. This letter can be divided into two types, i.e. disc and hammer crushers. The hammer crushers have stronger effects and cause a strong emulsification on the olive paste and an increase of its temperature, due to friction phenomena, with disadvantages on the yield and on the oil quality. It should be also noted that the stone mill is a discontinuous system, while the metallic crusher system is used in continuous and therefore their performance in terms of processed olive is much higher.
VOO obtained using stone crusher is more aromatic and harmonic than oils obtained using the other two types of crushers. The disc crusher, however, leads to the formation of oil richer in phenolic compounds, more bitter and stable to lipid oxidation over storage [51] .
Olias et al. [13] , on the contrary, reported that stone mill leads to higher concentration of volatile compounds than metallic crushers, e.g. trans-2-hexenal, hexanal and cis-3-hexenol. For cv. Coratina and Oliarola, Servili et al. [52] reported that disc crusher cause higher concentrations of C6 aldehydes and some esters such as hexyl acetate, 3-hexenyl acetate and cis-4-hexenyl acetate, than hammer crusher. Therefore, the olive milling technology is the first parameter to be considered for the setting of the best extracting conditions.
Malaxation
The malaxation is a fundamental stage in VOO extraction, which involves the continuous slowly mixing of the olive paste to aggregate the oil/water emulsion. Malaxation time and temperature are parameters that are usually controlled by the industry during VOO extraction process, which can potentially affect the sensory profile and composition of the final product [46] [ Figure 5 ]. The factor "malaxation time" was reported to be positively correlated to the total content of volatile compounds, but negatively correlated with the concentration of total phenolics [22] . Longer malaxation times promote the accumulation of alcohols and C5 other compounds, particularly hexanal. The temperature increase speeds up the activity of oxidative enzymes such as polyphenol oxidase, lipoxygenase and peroxidase [11] .
However, there is a loss of volatile compounds when high malaxation temperatures are applied, attributed to the enzymes deactivation, especially hydroperoxide lyase [14] . Indeed, the increase of malaxation temperature causes a considerable decrease of C6 compounds, cis-3-hexenol and C5 metabolites, as well as an increase in hexanol and trans-2-hexen-1-ol and a loss of the bitter-pungent notes [53] .
Angerosa et al. [53] studied the combined effect of malaxation temperature and time on the VOO aroma from cv. Coratina and Frantoio, and highlighting that malaxation negatively affects the total amount of secoiridoids. Some phenolic compounds, such as tyrosol, seem not undergo major changes as affected by the malaxation time, but they are only affected by the temperature adopted. The opposite trend was reported for the phenolic compound 3,4-DHPEA-DEDA, for which the maximum concentration was obtained at short malaxation time. The loss of phenolic compounds during malaxation is due to the enzymatic oxidation of the secoiridoid derivatives, catalysed by polyphenol oxidase and peroxidase [54] .
The hydrolysis of complex phenols (oleuropein, dimethyl oleuropein, ligstroside, verbascoside, rutin and luteolin-7-glucoside) by the endogenous glucosidase results in the production of aglycones and simple phenols, which dissolve appreciably in the oil phase, while the repartition of unhydrolysed glycosidic phenols is more toward the aqueous phase [55] .
The following compounds were proposed as markers for malaxation temperature: 1-penten-3-ol, cis-3-hexenal and octane, which were proposed as markers to discriminate malaxation temperatures of 15, 30 and 35 °C, respectively [10] [ Table 2 ]. The concentration of oxygen in the paste headspace during the malaxation process can be manipulated to achieve significant modification of the VOO aroma, in relation to the desired characteristics and industrial needs [54] .
Extraction phase
The separation of the liquid phase and solid particles from the olive paste is usually performed using two major systems, i.e. pressure or centrifugation. The subsequent step involves the separation of the oil from the oil-water mixture, which is performed by centrifugation. 
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When separation systems based on pressure area applied, the VOOs tend to be higher in the fruity sensory score and with a high concentration of volatile alcohol, but possible fermentation and/or degradation phenomena can take place, with consequent sensory defects [11] .
Differences in phenolic content in the oils was also observed between the conventional centrifugal ("three-phase") and the "two-phase". The latter does not involve the addition of water (or very little amounts), which results in a lower dilution of hydrophilic phenolic compounds such as orthodiphenols and hydroxytyrosol.
The use of two phases centrifuge, compared to the threephase one, allows the production of VOOs with higher concentrations of trans-2-hexenal and greater total aromatic content, but with lower concentration of pigments, aliphatic and triterpene alcohols, sterols and waxes [56] . The use of the three-phases centrifuge causes decrease in the content of C6 aldehydes, hexanol and trans-2-hexenol compared with the pressure extraction, probably because of the addition of hot water [18] . Incorrect or improper management of the pressure extraction system may lead to olive paste fermentation that and the subsequent off-flavours [57] .
Olive oil filtration and storage
VOO filtration may have important effects on its sensory properties and shelf life. Unfiltered oils contain a certain amount of water (from 2 g/kg to 4 g/kg) dispersed in microdroplets present in dispersion as part of the colloidal system of the fruit. The filtration might influence the bitter-pungent sensory note, caused by the hydrolysis of phenolic compounds. It has been recently reported that the industrial-scale filtration of highly bitter-pungent extra VOO has influence on the release of key aroma compounds in the product after storage, and therefore the filtration process should be also regarded as one of the possible parameter influencing VOO flavour [58] .
VOO quality, similarly to other vegetable oils, is affected by the storage conditions. Oxygen and light exposure, high temperatures and presence of metal ions as trace can accelerate the lipid oxidation and then shorten the shelf life of the product. The stability of VOO depends on its fatty acid composition, in particular by the ratio of the oleic to linoleic acid, and presence of minor compounds such as α-tocopherol, carotenoids, squalene and phenolics [19] .
Among the saturated aldehydes, nonanal and hexanal suffer a sharp increase as oxidation rate increases. Some authors suggested to use the relationship hexanal/nonanal headspace concentration as an indicator of the oxidation status, while others reported that trans-2-heptenal is associated with the perception of rancid defect [46, 47] . Trans-2-Hexenal is the most abundant volatile compound present in VOOs, and it undergoes continuous decrease over storage. The profile of phenolic compounds in VOO can continuously change over storage, as hydrolytic processes take place on complex forms of oleuropein derivatives, as well as oxidation of ortho-diphenols [18] . It is known, in fact, that prolonged storage cause the increase in simple phenolic compounds such as tyrosol and hydroxytyrosol with a contemporary decrease in complex forms and an effect also on the sensory aspect.
The type of container where the oil is stored was also reported to influence the lipid oxidation status and the chemical composition of VOOs under normal retail storage conditions [59] , and therefore this parameter should be carefully considered to avoid quality loss over storage.
Olive oil aromatisation
A niche market for olive oil involves the flavouring by the addition of natural aromatic agents, particularly spices and herbs. This is usually done to give extra flavour and new or unexpected aromas, and it is typical for some countries of the Mediterranean area. For example, the aromatisation of olive oil using red dried chili pepper by the traditional infusion method was recently studied by Caporaso et al. [60] . The authors reported that the addition of dried chili pepper caused a significant increase in hexanal, related to oxidation processes. 2-methylbutanal, 3-methylbutanal and 6-methyl-5-hepten-2-one were also detected in flavoured VOO and derived from chili as degradation products of the drying process. Apart of the volatile compounds, also a considerable amount of capsaicinoids were released in the flavoured oils, with consequent spicy and pungent taste [60] .
Sensory Description of VOO Aroma Compounds
The most abundant volatile compounds in VOO are aldehydes and C6 alcohols, which were related to the sensory note of sweetness. Aldehydes and C5 alcohols contribute to other positive attributes of VOOs. The odour threshold of VOO volatiles is dramatically different depending on their chemical structure and physio-chemical characteristics. For example, cis-3-hexenal, which gives the typical odour of freshly cut grass and despite its low concentration, greatly contributes to the aroma as it has a very low odour threshold. On the contrary, trans-2-hexenal has much higher perception threshold and it contributes minimally to the final VOO aroma, despite of being the most abundant volatile in the oil [46] .
Trans-2-Hexenal and trans-2-hexenol have been associated to VOOs obtained from olives in good conditions. The following compounds contribute mostly to the "green note": cis-3-hexenal, cis-3-hexenol (grass and banana) and cis-3-hexenyl acetate (fruity and green leaves). Important in defining the complex flavour are also trans-2-hexenal, hexanol and trans-3-hexenol. Hexyl acetate contributes to perceptions of fruity and sweet, while hexanal is responsible for the "green" and apple note. This latter compound is not only produced during the lipoxygenase pathway, but is also generated from lipid auto-oxidation, together with other oxidation products [22] . cis-3-Hexenol has been associated to the bitter note, as well as the attributes of "apple", "tomato", "vegetable bitter", "grass" and "fruity olive oil", along with some C5 alcohols (cis-2-penten-1-ol and 1-penten-3-ol) and trans-2-hexenal [61] . Other compounds such as toluene, octane, octene and 3-methyl butanol arise from different routes from the LOX pathway, and are not related to positive sensory attributes of VOO.
The "fruity" note of VOO was positively correlated with the cis-3-hexenol and negatively correlated with 3-pentanone. The "ripe fruit" sensory description is correlated with 3-pentanone, while "leaf " is correlates positively with hexyl acetate, 1-penten-3-ol, cis-2-penten-1-ol and negatively correlated with hexanol, associated with the "grass" note. The note of "almond" correlates positively with the hexyl acetate, 1-penten-3-ol and cis-2-penten-1-ol and negatively with the hexanol; cis-3-hexenol correlates positively with the scent of "tomato" and "bitter vegetable"; 3-pentanone correlates negatively with the attributes of "bitter", "spicy", "tomato" and "vegetable bitter" [11] .
The attributes of bitter and spicy oil are due to the presence of phenolic compounds. The bitter taste is attributed to compounds aglycone form the dialdehydic form of the decarboxymethyl oleuropein, and other forms of the oleuropein aglycone; the "pungent" note has been attributed to the aglycone form the dialdehydic of the decarboxymethyl ligstroside [62] .
The sensory defect of "winey-vinegary" is associated with fermentative processes especially from Lactobacillus, when olives are left on the ground for prolonged times. The consequent production of acetic acid is a marker of olives collected from the ground. A high concentration of acetic acid and octane was correlated to the defect of "reheating", a consequence of the activity of Enterobacteriaceae the genus Aerobacter and Escherichia during the first days the permanence of the olives to the ground. The genera Pseudomonas, Clostridium and Serratia appear if the olives are left in bags for a long time after harvesting. The activity of these microorganisms results in the presence of some volatile compounds at high concentrations. The defect of "mouldhumidity" has been correlated to the presence of 3-methyl-1-butanol. Other compounds that are important in defining the overall aroma oil, were reported in low concentrations in the olive paste: the hexyl acetate, characterized by the smell fruity and marker of good quality oils, it does not contribute to the aroma of the paste due to its high perception threshold (~ 1:04 mg/kg) and low concentration in the paste (maximum at 1.00 mg/kg) [63] .
Conclusions
Virgin olive oil has unique characteristics among all other vegetable oils, and its minor compounds are of paramount importance for their health properties and peculiar sensory notes, in terms of aroma and taste. However, a sole VOO does not exist, as the olive variety, field management, olive fruit maturity degree, harvesting and further processing affect dramatically the final VOO characteristics. At industrial level, the extraction conditions applied can affect the concentration and composition of phenolic and volatile compounds, with possible negative consequence and the formation of offflavours. Olive crushing, malaxation, centrifugation, filtration and storage were reported to be all possible factors affecting VOO flavour.
The factors affecting the presence and amount of positive aroma compounds, as well as the generation of volatile related to the off-flavour should be known to produce a VOO with improved sensory and nutritional characteristics, by the modulation of agronomic and technological factors. These factors include the harvesting, crushing, malaxation, centrifugation, filtration and storage conditions which can all dramatically influence the composition and final flavour of the product. All these major variables have been reviewed in detail in this paper to have a wide vision of the complexity of this product, with particular emphasis on the volatile compounds related to VOO aroma.
